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Abstract: In order to obtain polyimide-based composite materials for energy storage applications,
four synthetic methods towards a polyimide matrix with 2 wt.% pristine or acid-functionalized
MWCNTs have been developed. The polyimide is derived from a nitrile aromatic diamine and a
fluorene-containing dianhydride which allowed the formation of flexible free-standing nanocompos-
ite films. The films were thoroughly characterized by means of structural identification, morphology,
mechanical, thermal and dielectric behavior, as well as the charge storage performance. The obtained
data indicated higher homogeneity of the composites loaded with acid-functionalized MWCNTs that
enabled significantly increased dielectric properties compared to the matrix. To assess the electrical
charge storage capability, cyclic voltammetry and galvanostatic charge–discharge measurements were
employed in a three-electrode cell configuration. Due to the higher conductivity of pristine MWCNTs
compared to acid-functionalized ones, increased capability to store charges was achieved by the
nanocomposites containing these fillers, despite their lower homogeneity. An attempt to increase the
carbonaceous material content was made by applying a thin carbon layer onto the nanocomposite
film surface, which led to higher capacitance.

Keywords: nitrile-based polyimide nanocomposites; thermal properties; dielectric behavior; electrical
charge storage capability

1. Introduction

The development of sustainable and clean energy requires the improvement of energy-
storage devices able to deliver fast/ultrafast fully charging/discharging and much higher
power delivery (>10 kW/kg) for shorter periods of time [1]. In this respect, supercapacitors
have gained an increasing interest since they are able to integrate interfacial adsorption and
redox reactions, hierarchical microstructures, conductivity, mechanical strength and flexi-
bility towards high power intensity and long lifetime [2–5]. Carbonaceous materials [6,7],
especially carbon nanotubes (CNTs), have been fervently used as electrode materials in
supercapacitors due to their excellent physical and chemical properties [8]. CNTs display
high conductivity, a highly accessible outer surface, unique pore structure, elevated me-
chanical strength and thermal stability. Usually, CNTs cannot be used in their bulk form
due to the poor translation of individual CNTs’ characteristics into their macroscopic forms.
Thus, the applications of CNTs often imply their strategic combination with polymers,
which leads to the development of new materials with enhanced features with regard to
mechanical resistance, thermal stability and electrical conductivity, as well as increased
impact and tribological characteristics, depending on the dimension of the fillers and the
matrix’s dispersion ability [9]. Some drawbacks of CNTs such as moderate level of specific
surface area and the packing density need to be improved considering areal/volumetric
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performances [1,10]. Still, the choice of adding CNTs into a polymer matrix leads to the for-
mation of advanced nanocomposites, which show an increased, or sometimes, completely
new electrical, thermal, mechanical, electrochemical or electromagnetic properties, making
CNTs-based materials attractive candidates for supercapacitor electrode applications, such
as conducting additives, templates/scaffolds for nanocomposite electrodes and platforms
for flexible/stretchable devices, among others [2–5].

From the polymer matrix point of view, there is an increasing need for high-insulating
polymers that are easily processable and compatible with high-permittivity nanoparticles.
Since the dielectric constant values for organic and non-ferroelectric polymers are in the
range of 2–4 [11], new polymers have been developed for the electronics industry. The
most suitable polymers for plastic substrates which fulfill the requirements of the industry
are polyimides, polybenzoxazoles, polybenzimidazoles and polybenzthiazoles. Aromatic
polyimides (PI) are widely known as high-performance polymers convenient for advanced
electric and microelectronic devices due to their straightforward synthesis, very good
electric insulation properties, inherent flame-retardant properties, long-term heat resistance
and high glass transition temperatures [12–14]. However, when polyimide chain structures
are adequately modified, high-k polymer films can be obtained. It was demonstrated that
the incorporation of nitrile units in PI chains leads to the increase in dielectric constant
value [15–21], while it enables the PI adhesion to many substrates, most likely due to the
polar and hydrogen bonding interactions with the surface groups that contain oxygen or
hydroxy units [22]. In addition, since the nitrile group is usually directly grafted on the
aromatic core, the polyimides will maintain their inherent high thermal stability [23,24].

Versatile CNTs–PI nanocomposites have been developed so far by using the synergetic
combination of polyimides (which possess high mechanical, electrical, thermal, optical
and/or electrochemical features) with the excellent features of CNTs (including high
mechanical, electrical, thermal and magnetic properties, chemical stability and high aspect
ratio) [25]. The materials based on homogeneous CNTs–polyimide composites are expected
to possess overall improved physical properties of the pristine polymer matrix, thereby
extending their field of applications. However, for a homogeneous dispersion of CNTs into
PI matrix, chemical or physical modifications have been performed on both polyimide and
CNTs to attain the desired characteristics required by high-tech fields of industry. The most
used procedures for CNTs modifications consist in acid or amino functionalization [26],
free-radical grafting [27], plasma treatment [28], microwave irradiation [29], or surfactants
assistance [30]. Still, there are several disadvantages of these procedures since these might
sacrifice some important composite properties, such as mechanical strength and electrical
conductivity. The PI chains’ modification involved the incorporation of functional groups or
addition of aromatic rings in the molecular structure able to develop interactions with CNTs
that enabled polymer wrapping onto CNTs [31], as well as polymerization of monomers
covalently bonded to CNTs [32]. On the other hand, to obtain homogeneous PI–CNTs
composites, a series of procedures was established for the synthesis steps, including mixing
MWCNTs with the polymer in solution, melt mixing of the two components and in situ
polymerization of the monomers in the presence of the fillers.

Therefore, particular applications of polyimide–CNTs composites were developed
during the last decade, such as energy-related devices in lithium-ion batteries [33], micro-
supercapacitors [31,34], multi-role thermal film devices [35], electromagnetic interference
shielding applications [36], voltametric sensors for paracetamol detection [37], separa-
tion membranes for organic solvent nanofiltration [38], flexible pressure sensors [39] and
hydrogen evolution electrocatalysts [40], among others.

As far as we know, nanocomposites obtained from nitrile-based polyimide matri-
ces and CNTs were developed to investigate them in all-organic actuators [41] or as
polymeric materials in sensors and actuators for high-temperature applications such as
PI/SWCNT/lead zirconate titanate formulations [42,43] with no attempt until now to inves-
tigate them in energy storage devices, such as supercapacitors. Therefore, we considered it
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of particular interest to explore the electrical charge storage capacity of flexible electrodes
prepared from such PI/CNTs-based nanocomposites.

Thus, herein we report a systematic study of nanocomposite films based on nitrile-
containing polyimide and pristine or acid-functionalized MWCNTs with a special concern
for their performances as flexible electrode materials. The polyimide used as matrix was
modified by incorporating nitrile, ether and bulky fluorene as structural elements so as to
attain processability into tough films and high dielectric constant, while maintaining the
high thermal stability specific for this class of polymers. For the nanocomposite synthesis,
we have approached four pathways in order to explore the suitability of each method
towards homogeneous composite formation and the best characteristics in terms of thermal
stability, mechanical strength and dielectric behavior. Based on these, the most performant
composites were selected and tested by electrochemical methods as flexible energy storage
electrode materials.

2. Experimental Section
2.1. Materials

m-Aminophenol (98%), 2,6-dichlorobenzonitrile (97%), 9,9-bis(p-hydroxyphenyl)fluorene
(97%), 4-nitrophthalonitrile (97%), multi-wall carbon nanotubes (MWCNTs, L = 6–9 mm× 5 µm,
>95%), tetrabutylammonium perchlorate (TBAP, ACS reagent 98%), potassium chloride
(KCl, ACS reagent), lithium perchlorate (LiClO4, ACS reagent, ≥95.0%), sulfuric acid
(ACS reagent, 95.0–98.0%) and nitric acid (ACS reagent, 70%) were purchased from Sigma-
Aldrich and used without purification. A 30% carbon conductive paint was provided from
MJ Chemicals, Tagerang, Indonesia. N-methyl pyrrolidinone (NMP, anhydrous, 99.5%),
N,N′-dimethylformamide (DMF, HPLC grade), N,N′-dimethylacetamide (DMAc, HPLC
grade), dimethyl sulfoxide (DMSO anhydrous, ≥99.9%), tetrahydrofuran (THF, anhydrous,
≥99.9%), acetonitrile (ACN, anhydrous, 99.8%), chloroform (anhydrous, 99%) and ethanol
(analytical standard) were bought from Sigma-Aldrich and used without purification.

2.2. Synthesis

Multi-wall carbon nanotubes functionalized with carboxylic groups (MWCNTs-COOH)
were obtained, as previously reported [44], by treating pristine MWCNTs with a mixture
of H2SO4 and HNO3 (3:2 weight ratio) in a weight ratio of mixed acids (H2SO4 and
HNO3):MWCNTs = 400:1. The reaction mixture was stirred at 50 ◦C for 24 h, after which
the obtained MWCNTs-COOH were separated by centrifugation and washed thoroughly
with deionized water until a neutral pH and dried in an oven for 12 h at 120 ◦C.

The aromatic diamine 2,6-bis(3-amino-phenoxy)benzonitrile was obtained by the nucle-
ophilic displacement of 2,6-dichlorobenzonitrile with m-aminophenol in NMP, as reported
earlier [24]. M.p. = 136–138 ◦C.

FTIR (KBr, cm−1): 3465–3378 (–NH2 stretching), 3083–3018 (–CH aromatic stretching),
2232 (–CN stretching), 1627 (aromatic C–C stretching), 1574 (NH bending), 1242 (Ar–O–Ar
stretching), 773 (NH2 out-of-plane).

1H-NMR (DMSO-d6), δ (ppm): 7.55–7.50 (t, 1H), 7.10–7.06 (t, 2H), 6.60–6.58 (d, 2H),
6.46–6.44 (dd, 2H), 6.31–6.30 (t, 2H), 6.28–6.26 (dd, 2H), 5.39 (s, 4H, –NH2). η = 80%.

The aromatic dianhydride 9,9-bis [4-(3,4-dicarboxyphenoxy)-phenyl]fluorene was synthesized
by a multistep reaction, according to a published pathway [45,46]. Briefly, 4-nitrophtalonitrile
was allowed to react with 9,9-bis(p-hydroxyphenyl)fluorene in the presence of potassium
carbonate, using dimethylformamide (DMF) as solvent to obtain a tetranitrile derivative
that was further hydrolyzed in alkaline solution to the corresponding tetracarboxylic acid.
The final product was obtained by dehydration of the tetracarboxylic acid in the presence
of acetic anhydride; M.p. = 255–257 ◦C.

FTIR (KBr, cm−1): 3065–3039 (C-H aromatic), 1850 (C=O asymmetric), 1777 (C=O
symmetric), 1618 (C=O aromatic), 1279 (C–O–C).

1H-NMR (DMSO-d6, ppm): 8.06 (d, 2H), 7.99–7.96(m, 2H), 7.55 (d, 2H), 7.51–7.48 (dd,
2H), 7.46–7.44 (m, 4H), 7.40–7.37 (t, 2H), 7.30–7.28 (d, 4H), 7.15–7.13 (d, 4H). η =78.43%.
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The synthetic route to nitrile-containing polyimide (PI) can be described as follows: in a
100 mL three-necked flask fitted with a nitrogen inlet and outlet, 1.352 g (0.00426 mol) of
2,6-bis(m-aminophenoxy)benzonitrile and 15 mL of DMAc were added. After that, 2.751 g
(0.00426 mol) of 9,9-bis[4-(3,4-dicarboxyphenoxy)-phenyl]fluorene and another 15 mL of
DMAc were added to the flask so as to obtain a solution with a solid content of 12%. A
light-brown clear solution of polyamidic acid (PAA) was obtained in the first step, which
was stirred at room temperature for 21 h under a stream of nitrogen. The PAA solution
was poured into methanol, filtered and washed several times with methanol to give a
solid which was dried at 100 ◦C for 6 h. To obtain the polyimide matrix, an appropriate
quantity of PAA solid was dissolved in DMAc so as to attain a solution concentration of
12%. This solution was filtered and cast onto clean glass substates, being further subjected
to a gradual solid-state thermal imidization process at 50, 75, 100, 125, 150, 175, 200 and
250 ◦C, each temperature for 1 h and at 300 ◦C for 2 h (Scheme 1). The resulting PI film
had a strong adhesion to the glass support and was stripped off the plate by immersion in
water. After that, the film having the thickness of about 45 µm was dried in a vacuum oven
at 120◦C for 6 h and used afterwards for various studies.
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FTIR (ATR, cm−1): 3067 (C–H aromatic), 2231 (C≡N stretching), 1778 (C=O imide
asymmetric stretching), 1719 (C=O imide symmetric stretching), 1599 (C=C aromatic),
1367 (C–N stretching), 1240 (Ar-O-Ar stretching), 742 (C–N ring deformation).

1H-NMR (DMSO-d6, ppm): 7.91 (s, 4H), 7.58–7.50 (d, 5H), 7.33–7.25 (d, 18H), 7.07 (s,
4H), 6.72 (s, 2H).

2.3. Preparation of Polyimide-MWCNTs Composite Films

In order to establish the most suitable conditions towards homogeneous dispersion of
MWCNTs into the selected PI matrix, four methods were approached (Scheme 2), either by
using PAA powder and 2 wt.% MWCNTs-COOH or pristine MWCNTs (methods A, B and
D), or by monomer polymerization in the presence of 2 wt.% MWCNTs-COOH or pristine
MWCNTs (method C), as follows:

Method A: appropriate quantities of PAA powder (0.15 g) and 2 wt.% MWCNTs-COOH
(0.003 g) or pristine MWCNTs (0.003 g) were mixed in 1.1 mL DMAc to obtain a suspension
having 12 wt.% solids, which was then stirred at room temperature for 1 h and sonicated
for another 2 h. The obtained mixture was cast onto clean glass plates and subjected
to the solid-state thermal imidization procedure as described for the polyimide matrix.
The sample containing 2 wt.% MWCNTs-COOH was denoted as cPI-Aa, while the film
incorporating 2 wt.% pristine MWCNTs was noted as cPI-Ab. The obtained films with
the thickness of about 50 µm for cPI-Aa and 90 µm for cPI-Ab were used afterwards for
various studies.

Method B: appropriate quantities of PAA powder (0.3 g) and 2.2 mL DMAc were
mixed in order to obtain a clear PAA solution of 12 wt.%, which was subjected to thermal
imidization in solution at 165 ◦C for 2 h under a strong stream of nitrogen in order to remove
the water formed during the cyclodehydration process. After cooling to room temperature,
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half of the obtained polyimide solution was mixed with 2 wt.% MWCNTs-COOH (0.003 g)
and the other part with 2 wt.% pristine MWCNTs (0.003 g), stirred at room temperature
for 1 h, sonicated for 2 h and cast onto clean glass plates. The removal of the solvent
and the complete imidization process was accomplished by using the same temperature
regime as described for the polyimide matrix film preparation. The films obtained by this
method containing 2 wt.% MWCNTs-COOH or pristine MWCNTs were denoted as cPI-Ba
(thickness of about 50 µm) and cPI-Bb (thickness of about 92 µm), respectively.

Method C: Appropriate amounts of 2 wt.% MWCNTs-COOH (0.0027 g) or 2 wt.%
pristine MWCNTs (0.0027 g) were mixed with 1 mL DMAc and sonicated for 30 min. To
this solution, equimolar quantities of 2,6-bis(m-aminophenoxy)benzonitrile (0.045 g) and
9,9-bis[4-(3,4-dicarboxyphenoxy)-phenyl]fluorene (0.09 g) were added to obtain mixtures
of 12 wt.% solids, each monomer addition being followed by sonication for 15 min. These
mixtures were stirred afterwards at room temperature for 2 h under a stream of nitrogen
and then cast onto clean glass plates. The solid-state cyclodehydration of PAA to the
corresponding PI was performed by following the same programed thermal treatment as
the one applied for the PI film matrix. The composite film containing 2 wt.% MWCNTs-
COOH was denoted as cPI-Ca (thickness of about 51 µm), while the film incorporating
2 wt.% pristine MWCNTs was denoted as cPI-Cb (thickness of about 56 µm).

Method D: appropriate quantities of PAA powder (0.15 g) and 2 wt.% MWCNTs-COOH
(0.003 g) or pristine MWCNTs (0.003 g) were mixed in 1.1 mL DMAc under ultrasonication
for 15 min to obtain a suspension with 12 wt.% solids content, which was further subjected
to a thermal treatment at 165 ◦C for 2 h under a strong stream of nitrogen to perform the
imidization of PAA. After cooling, the solution mixture was sonicated for 2 h and cast onto
clean glass plates. To remove the solvent and to complete the imidization process, the
films followed the same temperature regime as described for the polyimide film matrix.
The obtained films were denoted as cPI-Da (the sample with 2 wt.% MWCNTs-COOH,
thickness of about 60 µm) and cPI-Db (the sample incorporating 2 wt.% pristine MWCNTs,
thickness of about 80 µm).
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2.4. Measurements

Fourier-transform infrared spectroscopy (FTIR) measurements were performed on a
FT-IR Bruker Vertex 70 Spectrophotometer in the ATR mode by using strips of free-standing
films.

1H NMR spectra were carried out with a Bruker Avance III 400 spectrometer, operating
at 400 MHz. The chemical shifts are expressed in δ units (ppm) with respect to the residual
peak of the solvent DMSO-d6: 2.512 ppm.

The morphology of the polyimide–MWCNT films was evaluated by using a Verios G4
UC Scanning Electron Microscope (SEM) from Thermo Fisher Scientific equipped with an
energy dispersive spectrometer (EDS, EDAX Octane Elite). The samples were broken in
liquid nitrogen and were sputtered with Pt in order to analyze the fracture section.

The optical microscopy photographs were taken by using an Olympus BH-2 polarized
light microscope at a magnification of 40x.

The thermal stability of the films was evaluated by thermogravimetric analysis (TGA),
which was performed on a Thermogravimetric Analyzer, Discovery TGA 5500, under
nitrogen flow (20 cm3/min), at a heating rate of 10 ◦C/min, from 25 to 700 ◦C.

The glass transition temperature of the films was performed with a Differential Scan-
ning Calorimeter, Discovery DSC 250 apparatus, in the temperature window from 25 to
300 ◦C.

The mechanical tests were made on a Shimadzu AGS-J deformation apparatus. The
deformation rate was 1 mm/min, with a load cell able to measure forces up to 1 kN. The
free-standing film samples had an area of 20 × 5 mm and were subjected to tensile tests at
room temperature. For each data point, three samples were tested and the average value
was calculated.

Broadband Dielectric Spectroscopy (BDS) measurements were performed by using a
Novocontrol Concept 40 Broadband Dielectric Spectrometer equipped with an Alpha-A
frequency analyzer and a Quatro Cryosystem device for the control of temperature. The
free-standing films were placed between two round plate electrodes (provided by Novo-
control) and then mounted in the BDS active sample cell. The dielectric parameters were
collected isothermally in a frequency window between 100 Hz and 106 Hz and at tempera-
tures between −100 ◦C and 250 ◦C. Previous to dielectric measurements, the samples were
heated up to 200 ◦C in order to eliminate the thermal history. The dielectric measurements
were performed on a PI matrix and relevant polyimide-based nanocomposites. Thus, the di-
electric spectra of nanocomposites based on pristine, non-functionalized MWCNTs (cPI-Ab,
cPI-Bb, cPI-Cb, cPI-Db) could not be adequately recorded due to the non-homogeneous
distribution of MWCNTs in the PI matrix.

Cyclic voltammetry (CV) measurements were registered on a Potentiostat-Galvanostat
(PG581, Uniscan Instruments, Buxton, UK). Galvanostatic charge-discharge (GCD) curves
were recorded with the same equipment by means of chronopotentiommetry experi-
ments. The electrochemical cell was equipped with three electrodes: a reference electrode
(Ag/Ag+), an auxiliary electrode (platinum wire) and a working electrode (the cPI free-
standing film welded with a silver wire). A 5 M KCl aqueous solution or 0.1 M lithium
perchlorate (LiClO4)/tetrabutylamonium perchlorate (TBAP)/acetonitrile (ACN) were
used as supporting electrolytes. Prior to any measurement, the electrochemical cell was
purged with a gentle nitrogen flow.

3. Results and Discussion

The present study aims to establish the most efficient way towards development
of homogeneous composite CN-functionalized polyimide materials endowed with high
thermal, mechanical and dielectric properties that are suitable for use in flexible energy
storage devices. Thus, a special interest arose in the evaluation of the polar nitrile unit’s
influence on the physico-chemical properties of the polyimide composites, being known
that it develops hydrogen bonds with the groups containing –O or –OH units [22]. For this
purpose, several strategies were approached, either by using two types of MWCNT fillers



Energies 2023, 16, 3739 7 of 22

(pristine or acid-functionalized) and four methods for the polyimide-composite synthetic
pathway. The nature of the MWCNTs may influence the filler dispersion homogeneity; for
instance, COOH-functionalized MWCNTs can lead to better interaction of the fillers with
the polyimide matrix by hydrogen bond formation in addition to π-π interaction between
the aromatic rings belonging to both MWCNTs and polyimides.

Among the selected synthetic procedures, three methods (A, B and D) were based
on the processing from the PAA precursor stage, previously obtained from an aromatic
diamine containing polar nitrile and ether groups and a dianhydride incorporating ether
and bulky pendant fluorene units. Method C differs from the other three pathways in
terms of a different synthetic approach which does not involve the PAA but the filler-
templated polycondensation reaction. There are certain similarities between methods B
and D (in terms of polyimide composite film formation) since both films were cast from the
polyimide solution, except that cPI-D films were obtained by imidization in the presence
of MWCNT fillers, while in the case of cPI-B films, MWCNTs were introduced in the
polyimide solution after the thermal treatment had finished. When methods A and C
were applied, the composite films were processed from the intermediary PAA solution
by solid-state imidization. Thus, cPI-C films were obtained by templated polymerization
of the monomers (in the presence of MWCNTs) and solid-state thermal treatment of
the resulting PAA/MWCNTs composites, unlike the preparation of cPI-A films where
MWCNTs were introduced in the already obtained PAA solution that was further subjected
to the imidization process.

3.1. Physico-Chemical Characterization

The synergism of different structural elements incorporated into this novel PI architec-
ture endowed the macromolecular chains with good solubility at room temperature in polar
aprotic solvents such as NMP, DMAc or DMSO. This solubility can be mainly attributed
to the presence of flexible ether groups along the main chain coming from both starting
monomers and to the bulky pendant fluorene unit. The cumulative effect of these moieties
enabled the decrease in the macromolecular rigidity and molecular packing into thigh
structure, allowing solvent–solute interactions and solution-processing of the resulting PI.

The good solubility of PI in DMSO allowed structural identification by 1H-NMR
spectroscopy. 1H-NMR spectra confirmed the complete cyclodehydration process of the
intermediary PAA to the fully cyclized polyimide form by the absence in the PI 1H-NMR
spectrum of the signals associated with the amide and carboxylic acids protons, which were
identified in the PAA spectrum (Figure 1) at approx. 10.53 ppm and 13.01 ppm (as a broad
band), respectively. The other aromatic protons of the main chain were found according
to the influence of the electron effects of their surrounding structural elements: signals
at the lowest resonance field (7.91 and 7.33 ppm) were correlated with the protons of the
dianhydride fragment, which induced deshielding due to the electron-withdrawing effect
of the phthalimide cycle. The groups of signals found at slightly lower shifts, 7.58, 7.07 and
6.72 ppm, were associated with the aromatic protons of the CN-based aromatic diamine
segment since the polar CN group also withdrew electrons from the polymer structures.

The PI structure was further confirmed by FTIR spectroscopy by the presence of
the characteristic newly formed imide absorption bands attributed to asymmetrical and
symmetrical stretching of C=O units at 1778 and 1719 cm−1, respectively, and C–N linkage
imide vibration at 1367 cm−1, while the imide ring deformation was observed at 742 cm−1.
The nitrile unit was identified at 2231 cm−1, while the aromatic ether unit was found at
1238 cm−1. Since the structural design of the polyimide matrix is identical for all composite
films, their FTIR spectra displayed comparable features. Still, small shifts of about 2–6 cm−1

and significant band broadening of the absorption band characteristics for the functional
groups of the composites are a proof of the specific interaction of MWCNTs with aromatic
nuclei and ether units of the polyimide matrix. Figure 2 is an illustrative example of the
FTIR spectrum of the PI matrix, cPI-Ba and cPI-Bb. Thus, FTIR spectra of composite films
showed the same characteristic bands as the one found in PI, with several small red shifts
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and significant absorption band broadening which occurred due to imide C=O absorption
(from 1778 to 1776 cm−1 and from 1719 to 1717–1716 cm−1), C=C aromatic stretching (from
1599 to 1594–1593 cm−1 and from 1496 to 1484–1482 cm−1), C–N linkage (from 1367 to
1365–1363 cm−1) and imide ring deformation (from 742 to 738–734 cm−1), confirming the
interaction of the conjugated graphene-like surface of MWCNTs with the aromatic PI matrix
(Figure 2b,c).
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Any attempt to record Raman spectra on the composite films failed since the PI matrix
exhibited inherent fluorescence that impeded obtaining conclusive information on the
structure of MWCNTs dispersed in the PI matrix.

3.2. Morphology Studies

The visual observation of the composite films enabled a first deduction on the efficiency
of mixing by each employed method to obtain the CN-substituted PI materials. As can
be observed from Figure 3, methods A, B and C (films cPI-Aa, cPI-Ab, cPI-Ba, cPI-Bb



Energies 2023, 16, 3739 9 of 22

and cPI-Ca) seem to be more efficient towards homogeneous PI/MWCNTs film formation,
except method C where pristine MWCNTs were used (film cPI-Cb). To support visual
observations, optical microscopy (OM) photographs were recorded at a magnification of
40× (Figure S1) that provided additional support for the nature of MWCNTs’ dispersion
in the polyimide matrix. Accordingly, the composite films obtained by methods A and B
regardless of MWCNTs type and by method C by using acid-functionalized MWCNTs were
homogeneous. Although it was expected that CN units from the PI matrix would develop
hydrogen bonds with MWCNT fillers, this phenomenon was not observed, a homogeneous
dispersion being mainly found in composite films based on COOH-functionalized fillers,
except those obtained by method D, as shown in Figure 3 (films cPI-Da and cPI-Db). Thus,
the composite films cPI-Aa, cPI-Ba and cPI-Ca, after solvent removal, displayed a surface
uniformly covered by the nanotubes. This is in line with the thickness of the composite
films (Table 1), which registered higher values for the films containing pristine MWCNTs.
The pristine MWCNTs tend to protuberate out of the polymer matrix, leading to higher
thicknesses and rougher surfaces of the films, although they have the same processing
method from suspensions with identical MWCNT content and PI solution concentration as
the samples containing functionalized fillers.

Table 1. Mechanical and thermal properties of PI matrix and composite films containing 2 wt.%
MWCNTs.

Sample
Tensile

Strength
[MPa]

Elongation at
Break [%]

Young’s
Modulus

[GPa]

Φ

[µm] Tg [◦C] T5 [◦C] Tmax
[◦C] W700 [%]

PI 95.38 ± 2.1 9.45 ± 0.9 1.49 ± 0.7 45 240 526 550/620 65.16

cPI-Aa 53.36 ± 0.8 7.55 ± 0.2 0.91 ± 0.4 50 243 546 560/620 69.62

cPI-Ab 71.31 ± 1.2 8.75 ± 0.7 1.29 ± 0.8 90 241 537 560/620 70.99

cPI-Ba 58.22 ± 4.4 5.85 ± 0.8 1.12 ± 1.5 50 240 540 560/ * 69.17

cPI-Bb 39.79 ± 3.2 6.33 ± 0.6 0.96 ± 2.0 92 240 534 560/610 69.51

cPI-Ca 36.84 ± 2.3 5.71 ± 0.4 0.91 ± 0.3 51 240 544 565/ * 68.88

cPI-Cb 44.39 ± 2.1 6.09 ± 0.4 0.97 ± 1.5 56 240 530 565/612 68.68

cPI-Da 46.54 ± 2.2 6.29 ± 0.1 1.01 ± 0.9 60 240 534 565/620 66.92

cPI-Db 44.27 ± 7.5 7.98 ± 0.9 0.86 ± 0.4 80 240 530 565/610 69.75

Φ = film thickness; Tg = glass transition temperature; T5 = temperature of 5% weight loss; Tmax = maximum
decomposition temperature; W700 = char residue at 700 ◦C; * broad band with no clear peak.

In order to further evaluate the dispersion of pristine and acid-functionalized MWC-
NTs into the PI matrix, SEM measurements were performed on a cross-section of the
composite films broken in liquid nitrogen. The bright dots and lines seen in SEM images
(Figure 3) were attributed to the MWCNTs. It can be observed that the dispersion of MWC-
NTs in PI matrix is dependent on the type of the used filler; in all cases, MWCNTs-COOH
has a higher degree of wrapping by the PI matrix as compared to the composites where
pristine filler was introduced. Acid-functionalized MWCNTs promote an overall better
interfacial interaction with PI matrix with no visible aggregation and a sufficient load
transfer from the polymer matrix to the carbon nanotubes, except sample cPI-Da. This is
consistent with the overall appearance of the composite films that showed homogeneous
black colors, as can be seen in Figure 3. Instead, it is obvious from filament-like morphology
of the samples cPI-Ab, cPI-Bb, cPI-Cb and cPI-Db that some of the nanotubes protuberate
out of the polymer matrix and tend to agglomerate to some extent. Especially for the
samples cPI-Cb and cPI-Db, alternate regions of agglomerated MWCNTs and “empty” PI
matrix were identified, demonstrating the absence of proper interactions between pristine
MWCNTs and the matrix. Overall, it can be concluded that method D involving thermal
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imidization in a solution of PAA in the presence of MWCNT fillers is unfavorable towards
homogeneous dispersions in this particular case of a CN-functionalized PI matrix.
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3.3. Mechanical Properties

The tensile tests of the nanocomposite films incorporating 2 wt.% pristine or acid-
functionalized MWCNTs offered a deeper insight in relation with the nature of MWCNTs
inserted into the PI matrix. Although all free-standing PI reference and composite films
were obtained by drop-casting a 12 wt.% polymer solution (PAA or PI solution, depending
on the method) and 2 wt.% MWCNTs, the thicknesses of the films varied in the large
interval of 45–90 µm due to the different distribution of the filler in the PI matrix. The initial
visual observation of the reference and composite films during repeated bending enabled a
first understanding of the mechanical behavior of the films, regardless of their homogeneity.
As can be seen in Figure 3, the reference and the nanocomposite films incorporating 2 wt.%
MWCNTs were flexible, tough and maintained their integrity at bending, demonstrating
good resistance to mechanical stress.

Tensile tests performed on all samples enabled more quantitative evaluation with
regard to their resistance to the applied stress (Table 1). The reference PI film matrix regis-
tered tensile strength and elongation at break values of 95.38 MPa and 9.45%, respectively.
These values are comparable to those reported for related polyimide films derived from
the same dianhydride and aromatic diamines incorporating ether groups without CN
units, whose tensile strength and elongation at break values were found in the range of
102–107 MPa and 7–8%, respectively [45]. Unexpectedly, in the case of nanocomposite
films, the incorporation of MWCNTs in the PI matrix led to a decrease in all measured
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parameters. This behavior may be attributed to the insufficient or low physical interactions
between the PI matrix and MWCNT fillers. Despite the acid-functionalization of MWCNTs,
which led to a more homogeneous dispersion of the carbon nanotubes in the PI matrix,
the measured mechanical parameters were inferior to those of the matrix, contrary to
expectations. It seems that the interfacial adhesion of PI chains around the MWCNTs is
not good enough to enable a strengthening between the two components, leading to lower
mechanical features of the composites. Still, as mentioned earlier, the composite films
displayed high mechanical resistance and maintained their integrity after several bendings,
being suitable for use as advanced flexible materials.

The data obtained for each composite film parameter may be discussed in correla-
tion with the applied method and the nature of MWCNTs. First, the series based on
acid-functionalized MWCNTs was analyzed. The tensile strength values were higher for
nanocomposites obtained by methods B and A (Table 1), indicating better mechanical
resistance of composite films cPI-Ba and cPI-Aa compared to cPI-Ca and cPI-Da films.
The elongation at break of cPI-Aa was slightly higher than for other acid-functionalized
MWCNTs-based samples, which may suggest a more efficient interpenetration of MWCNTs
between polyimide chains enabling an increased flexibility. As for nanocomposite films
based on pristine MWCNTs, method A involving solid-state imidization in the presence of
the fillers was the most appropriate for obtaining tougher films by providing a favorable
environment for matrix–filler interactions even in the stage of PAA.

The results suggest that the optimal content of MWCNT loading for this PI matrix
is less than 2 wt.%, since the expected increase in tensile tests did not occur. Similar
reduction in mechanical properties of polyimides–carbon nanotube composites were found
at filler loadings higher than 5 wt.% when the matrix incorporated functional groups able
to develop interactions with the filler [31,47]. It may be possible that a certain degree of
MWCNTs’ re-aggregation occurred during the removal of the solvent and an incomplete
wetting of MWCNTs by the PI led to their poor dispersion and lower tensile test parameters.
This aspect is more evident in SEM images of nanocomposite films obtained by using
pristine MWCNTs (Figure 3) where a reduced coverage of their surface by the PI matrix
may be observed. Additional parameters which usually create mechanical issues include
the deficiency of MWCNTs’ orientation in the polymer matrix and insufficient load transfer
due to the lack of interfacial adhesion [10,48].

Overall, in our case, the small reduction in tensile properties may be a result of
the cumulative effects mentioned above where the presence of inhomogeneities in the
composite material leads to stress concentration in polymer-rich regions that could initiate
cracks at lower strains than in a homogeneous material, causing failure initiation at lower
strain and stress levels [49].

3.4. Thermal Behavior

The evaluation of thermal stability was accomplished based on differential scanning
calorimetry and thermogravimetric analyses, as shown in Table 1. The glass transition
temperature for all nanocomposites films does not differ from that of PI matrix, proving that
the incorporation of 2 wt.% pristine or acid-functionalized MWCNTs does not significantly
alter the molecular entanglement of these PI chains.

The initial decomposition temperature, taken as 5% weight loss (T5), revealed an
improvement for all analyzed samples as compared to the PI matrix (T5 = 526 ◦C). Higher
values for T5 were obtained for the more homogeneous composite films based on acid-
functionalized MWCNTs: cPI-Aa, cPI-Ba and cPI-Ca (546 ◦C, 540 ◦C and 544 ◦C, respec-
tively). The degradation mechanism followed the same trend for both PI matrix and the
nanocomposite films, employing two decomposition steps. The first step of decomposition
was attributed to the less stable ether linkages, while the second step was due to the scission
of the main polymer chain. In the case of nanocomposite films, the first step of degradation
started at slightly higher values compared to the PI matrix, suggesting that some of the
PI ether groups may be involved in interactions with MWCNTs. Instead, the second step
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occurred at almost the same values for all samples, regardless of the filler type, with a broad
TG band profile, without a clear peak in some cases (cPI-Ba and cPI-Ca). As expected, the
introduction of MWCNTs in the PI matrix increased the thermal stability and the chair
residue of all analyzed samples, which makes the present films suitable for applications
that require stability to high temperatures. Figure 4 show the DSC and TG/DTG curves of
the PI matrix and the nanocomposite samples.
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3.5. Broadband Dielectric Spectroscopy (BDS) Study

It is generally known that the incorporation of MWCNTs into a polymer matrix
leads to an enhancement of dielectric properties due to the localization of charges at
the CNTs/polymer interfaces. This feature enables Maxwell–Wagner interfacial polariza-
tions, when both real and imaginary permittivity of the composite material increases with
MWCNT loading [50]. The registered BDS data of the nanocomposite films incorporating
pristine MWCNTs were not discussed here since the agglomeration of the MWCNTs led to
the formation of conductive channels with a high degree of conductivity that surpassed the
measurement limits of the apparatus.

In the case of nanocomposite films incorporating acid-functionalized MWCNTs, typical
examples of isothermal spectra showing the behavior of dielectric constant (ε’) versus the
external applied field frequency for cPI-Aa film are presented in Figure S2a. At low
temperatures, between −100 ◦C and 0 ◦C, ε′ decreases slowly with frequency increase,
suggesting a low dipolar activity. At higher temperatures, however, the magnitude of ε′ is
considerably higher, especially at low frequencies, and sharply decreases with the further
increase in frequency. The dispersion of ε′ at low frequencies and the enhancement of ε′

towards increasing temperatures are due to the occurrence of space-charge polarization.
When the external electric field is applied, the space charges start to move and agglomerate
at the contacts between the sample surfaces and electrodes used for dielectric spectroscopy
measurements [51,52]. The latter effect is limited at low frequencies. At frequencies higher
than 102 Hz, the electrode polarization-type signal diminished, revealing the intrinsic
dipolar activity of the sample.

In Figure 5a, the ε′(f) spectra of PI matrix and the nanocomposites based on acid-
functionalized MWCNTs at room temperature are comparatively displayed. Numerical
values of ε′ obtained at 100 Hz are presented in Table 2. As is common for polyimide-
type films [53,54], ε′ of PI matrix registered low values in the entire frequency range
(e.g., at 100 Hz, ε′ (PI) = 2.8). In the case of nanocomposite films, the effect of space-
charge polarization is already detected at low frequencies, due to the incorporation of
MWCTs-COOH fillers. For cPI-Ca and cPI-Da, huge fluctuations in ε′ were recorded
due to increased conductivity and the distribution of MWCNTs around the percolation
threshold. Therefore, we may assume that, at low frequencies, the dielectric constant of
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the nanocomposite films is assisted by the presence of charge carriers injected through the
incorporation of MWCNTs in the polyimide matrix.
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The variation of dielectric loss, ε′ ′, with frequency increase is shown in Figure S2b
for cPI-Ba film at various temperatures. Overall, ε′ ′ decreases gradually with increasing
frequency, and the magnitude of ε′ ′ exhibits a slight enhancement when the temperature
is varied between −100 ◦C and 250 ◦C. Following Figure 5b, the smallest dielectric loss
is recorded for the neat polyimide in the entire frequency range. On the other hand, the
magnitude of dielectric loss considerably grows for the nanocomposites with 2 wt.% acid-
functionalized MWCNTs. The numerical values of ε′ ′ obtained at 100 Hz and various
temperatures are listed in Table 2. It may be noticed that, in the cases of cPI-Ca and cPI-Da,
the dielectric loss reveals a linear drop in its magnitude towards increasing frequency.
According to the published information, a decreasing tendency obtained in the double
logarithmic plot with a slope close to −1 suggests the existence of electric charges in the
material [55]. The latter behavior is detected in a wide spectral region, between 100 Hz and
104 Hz, revealing that the signal of long-range charge carriers is dominant and covers the
dipolar relaxations of the material.

Table 2. Numerical values of dielectric constant, dielectric loss and conductivity obtained at 100 Hz
and various temperatures.

Sample
Dielectric Constant, ε′ Dielectric Loss, ε′ ′ Conductivity, σ (S/cm)

−100 ◦C 25 ◦C 200 ◦C −100 ◦C 25 ◦C 200 ◦C −100 ◦C 25 ◦C 200 ◦C

PI 2.7 2.8 3.1 0.002 0.01 0.04 1.4 × 10−13 7.4 × 10−13 2.3 × 10−12

cPI-Aa 7.4 8.9 12.9 4.8 8.4 18.7 2.7 × 10−10 4.7 × 10−10 1 × 10−9

cPI-Ba 8.3 9.4 11.7 2.8 3.8 5.8 1.5 × 10−10 2.1 × 10−10 3.2 × 10−10

cPI-Ca 14.8 16.4 20.4 703 1217 1854 3.9 × 10−8 6.8 × 10−8 1 × 10−7

cPI-Da 6.5 6.7 7.3 1436 2068 3002 8 × 10−8 1.1 × 10−7 1.7 × 10−7

The representative isothermal plots of conductivity, σ, as function of frequency at
selected temperatures are presented for cPI-Ca in Figure S3a. The σ(f) spectra encloses
two different regimes: the first one is observed at low frequencies as a plateau region
of conductivity, independent by frequency, that is generally assigned to the transport of
free charges over long distances. The second regime is limited at high frequencies and
is expressed as a gradual increase in conductivity with the raise of frequency. The latter
may be attributed to the short-range charge fluctuations or the bound charges from the
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material [56]. The flat region of conductivity is correlated with the drop in the dielectric
constant and the linear decrease in dielectric losses, confirming the existence of free electric
charges. As presented in Figure 6a, the frequency dependence of conductivity of PI matrix
displays a capacitive behavior, which is typical for insulators. On the other hand, the
σ(f) profiles for cPI-Ca and cPI-Da are dominated by a resistive behavior, limited around
10−7 S/cm, that originates from the free charge carriers moving through the polymer lattice.
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Figure 6. The evolution of conductivity (a) for PI matrix and cPI-Aa, cPI-Ba, cPI-Ca and cPI-Da
nanocomposites at room temperature, and (b) as function of temperature at 100 Hz for PI matrix and
cPI-Aa, cPI-Ba, cPI-Ca and cPI-Da nanocomposites.

The evolution of conductivity with temperature at various frequencies is represented
for cPI-Da in Figure S3b. The moderate increase in conductivity increasing temperature
reveals a good thermal stability of the sample. The broad band detected above 200 ◦C
(e.g., at f = 1 Hz, the broad band is centered around 225 ◦C) may be assigned with the
glass transition temperature of cPI-Da. There is a slight difference between the values of
Tg registered by the two methods, BDS and DSC, that may be attributed to the particular
experimental setups of each apparatus. The magnitude of σ is considerably enlarged at
105 Hz and 106 Hz, as previously observed in Figure S3a and Figure 6a. The isochronal
plots of conductivity as function of temperature are comparatively depicted in Figure 6b for
PI matrix and nanocomposites based on acid-functionalized MWCNTs. The σ(T) profiles of
nanocomposites exhibit a similar pattern: a slight increase in conductivity between−100 ◦C
and 200 ◦C, followed by a significant decrease above Tg. Instead, for the PI matrix, an
intense increase in σ occurred at the glass transition. The conductivity of nanocomposites is
noticeably enhanced, as compared with that of the PI reference. Hereafter, the conductivity
of cPI-Aa and cPI-Ba was around 10−10 S/cm, while cPI-Ca and cPI-Da registered σ values
between 10−8 S/cm and 10−7 S/cm (Table 2).

Overall, cPI-Aa and cPI-Ba films can be acknowledged between high k dielectric
materials with low dielectric loss with potential for use in field-effect transistors or thin
film capacitors.

3.6. Energy Storage Ability of cPI-MWCNTs Flexible Electrodes

Carbonaceous materials such as carbon nanotubes are promising materials for use as
electrodes in electrical double-layer capacitors (EDLCs) due to their high surface area, good
conductivity and low cost. Although multi-walled carbon nanotubes (MWCNTs) displayed
capacitance ranging from 4 to 135 F/g, they have the great inconvenience of inhomogeneous
dispersion in pristine form in any solvent when they tend to agglomerate. A viable solution
to this problem is represented by the functionalization of carbon nanotubes, or their mixing
with polymers or metal oxides, which enables an increase in the capacitance [57]. Therefore,
it appears to us of particular interest to explore the electrode behavior of the synthesized
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PI nanocomposites and to assess their electrical charge storage capability. To this aim,
both cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) measurements
in a three-electrode cell configuration were carried out with the obtained free-standing
films as electrode materials. From the library of the eight developed composite films,
only five with homogeneous dispersion of MWCNTs were selected for measurements.
The initial screening performed by CVs on cPI-Aa, cPI-Ab, cPI-Ba, cPI-Bb and cPI-Ca
samples in different electrolyte systems (0.1 M TBAP/ACN, 0.1 M LiClO4/ACN and 0.5 M
KClaq) showed that only cPI-Ab based on pristine MWCNTs and cPI-Ca based on acid-
functionalized MWCNTs have potential for electrical charge storage, the other samples
providing too low currents (in the nA range) for conclusive results. Therefore, these two
samples were further employed in detailed electrochemical studies, and the obtained results
are discussed as follows.

3.6.1. CV Investigations

cPI-Ca and cPI-Ab nanocomposite free-standing films were investigated by using
cyclic voltammetry (CV) experiments in a classical three-electrode cell configuration with
the free-standing composite film as the working electrode and Pt wire as the counter
electrode. The CV curves were registered both in organic (LiClO4 or TBAP/ACN, 0.1 M
solution) and aqueous (KCl/H2O, 5 M solution) electrolytes at different potential scan
rates between 20 and 500 mV/s in order to evaluate the best medium for charge storage.
The optimum potential window was established for each sample after multiple CV scans
in different potential domains until a near-rectangular pattern of the CV diagram was
obtained at 20 mV/s, overall between −1.5 V and 1.1 V, against the standard Ag/Ag+

electrode. Since no redox activity was noticed for the CN-based PI matrix, the charge
storage is presumed to occur on the basis of the electric double-layer capacitive (EDLC)
mechanism.

Thus, for the nanocomposite based on 2 wt.% acid-functionalized MWCNTs obtained
by the templated polycondensation method (cPI-Ca), the achieved currents in organic and
aqueous electrolyte solutions had low values in the range of 10−9 A. According to the CV
profiles of the investigated electrodes registered at scan rates between 20 and 500 mV/s,
we have concluded that the charge storage capability of cPI-Ca is poor, although expected
due to the low content of MWCNTs in the sample and its modest conductivity, in addition
to dense structure of the PI matrix, which together promote low adsorption and transport
of the electrolyte ions. To simulate the capacitive behavior of this sample at higher loading
of MWCNTs, the carbon content was increased by applying a uniform layer of carbon
paste on one surface of the composite film (sample denoted as cPI-Ca/C paste). The CV
measurements carried out on this flexible electrode evidenced significantly higher currents
in both electrolytes of about 10−6 A and 10−4 A in the organic and aqueous electrolyte,
respectively, which suggested a better charge-storage capability of this material.

The specific gravimetric capacitance (Cm,CV, F/g) was estimated from CV curves
according to the relation:

Cm,CV =

∫
I(V)dV

2∆Vmv

where
∫

I(V)dV is the area of the CV curve, m is the mass of the electrode material, ∆V is
the potential window set to record the CV curve and v is the scan rate. The Cm,CV value
obtained for the cPI-Ca sample at 20 mV/s was about 0.934 and 0.798 µF/g in organic
and aqueous electrolytes, respectively. The increase in the carbon content from cPI-Ca/C
paste sample led to Cm,CV values ranging from 5.581 mF/g to 0.127 mF/g in LiClO4/ACN
electrolyte solution and from 0.689 F/g to 0.048 F/g in aqueous solution, respectively, when
the scan rate varied from 20 mV/s to 500 mV/s (Figure 7). According to these data, it can be
stated that the increase in MWCNT loading in the chosen PI matrix beyond 2% may provide
straightforward, flexible electrodes for high-performance, low-cost supercapacitors.
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Figure 7. Evolution of specific gravimetric capacitance with scan rate for cPI-Ca/C paste sample in
(a) LiClO4/ACN and (b) KCl/H2O electrolytes.

The rate capacity of the sample cPI-Ab obtained by the synthetic procedure detailed
in Method A, where the PI matrix was loaded with 2 wt.% pristine MWCNTs, proved
to be significantly different from the ones obtained for the cPI-Ca sample. The shape of
the CV curves was almost rectangular in both electrolyte solutions, thus indicating the
presence of a diffusion-controlled mechanism in this material, while the current reached
10−7 range (Figure 8a,b). The specific gravimetric capacitance as a function of the scan rate
for cPI-Ab free-standing film measured in both organic and aqueous electrolytes is plotted
in Figure 8c,d.
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The overall specific gravimetric capacitance decreased with the scan rate from 0.146 mF/g
(at 20 mV/s) to 0.026 mF/g (at 500 mV/s) in LiClO4/ACN electrolyte solution and from
0.027 mF/g (at 20 mV/s) to 0.016 mF/g (at 500 mV/s) in KCl aqueous solution. It is
obvious that the capacitance values are considerably higher than those of the cPI-Ca film,
most likely due to increased conductivity and higher surface areas of pristine MWCNTs
compared to acid-functionalized MWCNTs which lost some of these properties. Generally,
a series of defects arose after MWCNT functionalization, which reduced the electrical
performance of the MWCNTs and, hence, the efficiency of their charge storage capacity, as
is the case of the cPI-Ca sample. Accordingly, cPI-Ab shows promising potential for use as
capacitive electrodes in flexible, low-cost supercapacitors.

However, to improve the electrical charge storage ability of this composite flexible
electrode, an increase in the carbon content was considered as in the case of the cPI-Ca
sample by painting one of the composite film surfaces with a thin layer of C paste. The
rate capability of this electrode (cPI-Ab/C paste) was measured in KClaq electrolyte. As
expected, the currents (Figure 9a) were considerably higher, whereas a three-orders-of-
magnitude increase in the specific gravimetric capacitance was obtained, with the highest
value of 0.149 F/g at 20 mV/s (Figure 9b).
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3.6.2. GCD Measurements

Galvanostatic charge–discharge (GCD) studies were further used to survey the charge
storage capacity of the investigated cPI-Ca and cPI-Ab free-standing composite film elec-
trodes. The charging–discharging process in a three-electrode configuration with both
organic (TBAP/ACN) and aqueous (KCl/H2O) electrolyte solutions took place at different
current densities, depending on the sample and the selected electrolyte solution.

The voltage accumulated in the electrodes beyond which no further charging is possi-
ble, known as saturation charge voltage (Vsc) [58,59], was measured. After the saturation
potential is achieved, the electrode begins the discharge process. In the case of the cPI-Ca
sample, the GCD investigations evidenced very fast charge and discharge processes, a result
in line with the low capacity to store charges assessed by CVs. Since cPI-Ca/C paste proved
to be very efficient for this purpose, GCD measurements were also recorded on this sample.
The Vsc value reached by this electrode was higher in the organic electrolyte (TBAP/ACN,
2.1 V) compared to the 1.4 V obtained in the KCl aqueous electrolyte. Furthermore, Vsc
registered higher values at increased current densities. Figure 10 illustrates the GCD curves
for cPI-Ca/C paste at different current densities selected according to the rate capability
in the tested electrolyte (TBAP/ACN and KClaq). The charge–discharge behavior of this
electrode at various time intervals until full charging in the organic electrolyte at a current
density of 0.01/cm2 is shown in Figure 10c.
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The specific areal capacitance Ca,GCD at different current densities was calculated
according to the formula:

Ca,GCD =
I× ∆t

∆V× a

where I is the discharge current, ∆t is the discharge time, ∆V is the operational potential (0
to Vsc) and a is the electrode area. The Ca,GCD results obtained for the cPI-Ca/C paste sam-
ple were in the range of 5.09–1.57 mF/cm2 at 0.01–0.05 mA/cm2 and 17.38–0.16 mF/cm2

at 0.03–0.1 mA/cm2 in the organic and aqueous electrolytes, respectively. Thus, the max-
imum value of this parameter (17.38 mF/cm2) was registered at 0.03 mA/cm2 in KCl
aqueous electrolyte, being slightly higher than those reported for the related polyimide
electrode containing 10 wt.% unmodified MWCNTs layered by C paste (2.64 mF/cm2 at
0.025 mA/cm2 in TBAF/PMMA electrolyte) which was successfully tested as an electrode
material in flexible supercapacitors [31].

When cPI-Ab electrode was involved in GCD studies, similar results were obtained.
Thus, by testing it in the pristine form in the three-electrode cell configuration, a poor
operation capability was noticed due to rapid discharge processes, with specific areal
capacitance varying from 0.118 to 0.053 µF/cm2 at current densities between 0.016 and
0.05 µA/cm2 in KCl aqueous electrolyte. Considerably higher electrical storage capability
was obtained by the cPI-Ab/C paste electrode, demonstrated by the calculated Ca,GCD
values which were in the range of 16.03–14.71 mF/cm2 at current densities between 20 and
50 µA/cm2 (Figure 11).
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Overall, the data reported in this study emphasize that the synergistic effect of car-
bonaceous materials and PI matrix can be a feasible approach towards low-cost and flexible
electrodes for supercapacitors. Since large specific surface area of MWCMTs enables elec-
trolyte ions’ adsorption on one hand, and the flexibility and toughness of the PIs provide an
appropriate medium for their homogeneous dispersion on the other hand, these materials
may work together towards satisfactory charge storage capability.

4. Conclusions

In order to obtain new composite materials for energy storage applications, a nitrile-
containing polyimide with bulky fluorene units, 2 wt.% pristine or acid-functionalized
MWCNTs and four synthetic pathways were employed towards developing flexible
nanocomposite films. The polyimide matrix and the nanocomposites incorporating 2 wt.%
pristine or acid-functionalized MWCNTs were characterized by means of morphology,
mechanical, thermal and dielectric properties. FTIR spectra of the polyimide nanocom-
posites revealed significant band broadening of the absorption band characteristics for the
functional groups of the composites as a proof of the specific interaction of MWCNTs with
aromatic nuclei and ether units of the polyimide matrix. Morphology studies revealed
higher degree of homogeneity in the case of composites containing acid-functionalized
MWCNTs. The mechanical properties of the free-standing flexible nanocomposite films
showed a small reduction in tensile properties as compared to the polyimide matrix due
to a certain degree of MWCNTs re-aggregation during the removal of the solvent and/or
an incomplete wetting of MWCNTs by the polyimide. In terms of thermal stability, the
nanocomposites exhibited an increase in the initial decomposition temperature regardless
of the nature of the filler compared to the matrix, while the glass transition temperature
registered similar values for all samples. This suggests that no alteration in the molecular
entanglement of these composite materials took place. Broadband dielectric studies evi-
denced increased dielectric constants (up to 14.8) for the nanocomposites when compared
to the polyimide matrix, leading to materials with high k dielectric and low dielectric loss.
Among the studied composites, only two of them showed promising results for use as
flexible electrode materials in supercapacitors. Thus, the incorporation of pristine MWCNTs
in polyimide matrix led to a better capacitance (0.146 mF/g for the cPI-Ab sample obtained
from Method A) compared to acid-functionalized MWCNTs (0.934 µF/g for the cPI-Ca
sample obtained from Method C) at 20 mV/s in LiClO4/acetonitrile electrolyte. To improve
the electrical charge storage ability of these flexible electrodes, the composite films’ surface
was painted with a thin layer of C paste, achieving considerably higher electrical storage
capability. The maximum value of specific areal capacitance obtained for the cPI-Ca/C
paste sample (17.38 mF/cm2 at 0.03 mA/cm2) was slightly higher than the cPI-Ab/C paste
sample (16.03 mF/cm2 at 0.02 mA/cm2) in KCl aqueous electrolyte. Overall, the data
reported in this study emphasize that the synergistic effect of MWCNTs and polyimide
matrix can be a successful approach towards low-cost and flexible electrode materials for
supercapacitors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16093739/s1, Figure S1: Photographs of the polyimide and of
all composite films taken by optical microscopy (OM) at a magnification of 40×; Figure S2: The
evolution of (a) dielectric constant as function of frequency for cPI-Aa nanocomposite at various
temperatures and of (b) dielectric loss as function of frequency for cPI-Ba nanocomposite at various
temperatures; Figure S3: The evolution of conductivity as (a) function of frequency for cPI-Ca
nanocomposite at various temperatures, and (b) function of temperature for cPI-Da nanocomposite
at various frequencies.
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